The fungicidal mechanism of a naturally occurring sesquiterpene dialdehyde, polygodial, was investigated in Saccharomyces cerevisiae. In an acidification assay, polygodial completely suppressed the glucose-induced decrease in external pH at 3.13 g/ml, the same as the fungicidal concentration. Acidification occurs primarily through the proton-pumping action of the plasma membrane ATPase, Pma1p. Surprisingly, this ATPase was not directly inhibited by polygodial. In contrast, the two other membrane-bound ATPases in yeast were found to be susceptible to the compound. The mitochondrial ATPase was inhibited by polygodial in a dose-dependent manner at concentrations similar to the fungicidal concentration, whereas the vacuolar ATPase was only slightly inhibited. Cytoplasmic petite mutants, which lack mitochondrial DNA and are respiration deficient, were significantly less susceptible to polygodial than the wild type, as was shown in time-kill curves. A pet9 mutant which lacks a functional ADP-ATP translocator and is therefore respiration dependent was rapidly inhibited by polygodial. The results of these susceptibility assays link enzyme inhibition to physiological effect. Previous studies have reported that plasma membrane disruption is the mechanism of polygodial-induced cell death; however, these results support a more complex picture of its effect. A major target of polygodial in yeast is mitochondrial ATP synthase. Reduction of the ATP supply leads to a suppression of Pma1 ATPase activity and impairs adaptive responses to other facets of polygodial's cellular inhibition.
mutants of both strains 7754 and W303-1a were obtained by treatment with 25 g of ethidium bromide per ml in 0.67% Difco yeast nitrogen base with 2% glucose, plus relevant nucleotides and amino acids for W303-1a. After the culture was grown to saturation, a small inoculum was transferred to ethidium bromide-free medium and the organisms were grown to saturation and streaked on YPD (1% yeast extract, 2% Bacto Peptone, 2% dextrose, 2% agar), which yielded petites entirely lacking mitochondrial DNA (mtDNA) ([rho 0 ]) (15) . Additionally, a spontaneously occurring cytoplasmic petite [rho Ϫ ] was obtained from W303-1a. W303-1a exhibited a red phenotype on YPD plates, whereas colonies which are small and white are petite due to loss of mitochondrial function. On YPDG plates (1% yeast extract, 2% Bacto Peptone, 0.1% dextrose, 3% glycerol, 2% agar) wild-type colonies grew to normal size while petites gave rise to very small colonies, due to an inability to use glycerol as the primary carbon source, as is possible with respiratory-competent mitochondria. Petites were further confirmed as [rho Ϫ ] by 4Ј,6-diamidino-2-phenylindole (DAPI) staining of DNA (22) , and all petites displayed no visible mtDNA, unlike wild types. Petite strains were cultured in RPMI 1640 with MOPS (pH 7) plus 2% glucose, as were wild-type strains when they were directly compared.
Determination of MICs and MFCs. Susceptibilities were determined with a slight modification of fungal microbroth dilution method M27-A of the NCCLS (39) . A 2-fold dilution series of polygodial was prepared at 100-fold final strength in either dimethyl sulfoxide (DMSO; Sigma) or dimethylformamide (EM Science, Gibbstown, N.J.). The compound was diluted 25-fold in medium, and 50 l was added to each well in a 96-well microtiter plate. Calcium was prepared at a fourfold concentration in medium, and 50 l was added to the assay wells. Yeasts were subcultured by shaking at 30°C until early stationary phase, and 100 l of an adjusted suspension at 2 ϫ 10 3 CFU/ml was added to arrive at a final assay volume of 200 l. The round-bottomed microplates were shaken gently on a vortexer with a microplate adapter and incubated at 30°C for 48 h. The MIC was the lowest concentration that demonstrated no visible growth. Minimum fungicidal concentrations (MFCs) were determined as follows. After the MIC was determined, a 5-l aliquot was taken from each well and added to 200 l of compound-free fresh medium. After 48 h of incubation, the MFC was determined as the lowest concentration of the test compound in which no recovery of microorganisms was observed. All assays were performed at least twice on separate occasions.
Time-kill studies. Time-kill curves were obtained by adding a 200-l aliquot of an adjusted (10 7 -CFU/ml) early-stationary-phase shaking subculture to 20 ml of fresh medium in a 250-ml flask, resulting in a starting culture of approximately 10 5 CFU/ml. The same medium conditions were used for subculture and assay cultures. After 30 min of shaking incubation in fresh medium, 200 l of a 100-fold concentration of polygodial was added. For the calcium condition, calcium was added and 5 to 10 min of incubation transpired before polygodial was added. The flasks were incubated by shaking at 30°C for 48 h. Samples were taken at selected times, and serial dilutions were made in sterile saline before the samples were plated onto YPD plates. The plates were incubated for 2 days at 30°C before the number of CFU/ml was determined. Cells treated with polygodial grow on YPD plates even with a direct plating of 100 l, so CFU per milliliter can be read down to 10 1 . Results presented are the means of results of at least two independent assays.
Microscopy. Nomarski differential interference contrast (DIC) microscopy was performed on a Nikon model TE300 inverted microscope equipped with a 100ϫ Plan-Apo, 1.4 DIC objective and a charge-coupled device camera (Hamamatsu model C4742-95) controlled with Phase-3 (Philadelphia, Pa.) imaging system software. Fluorescence microscopy was performed with a 100ϫ Plan-Fluor, 1.3 objective and DAPI filters.
Measurement of cellular leakage. Cell leakage was assessed by measuring 260-nm-absorbing materials released to the medium, primarily representing nucleotides of which uracil-containing compounds exhibited the strongest absorbance. Cells cultured by shaking at 30°C to early stationary phase were washed two times and diluted to approximately 5 ϫ 10 7 CFU/ml with cold MOPS buffer, pH 6.0. Cells were aliquoted to tubes, and compounds were added from 100-fold-concentration stocks. Cells were incubated stationary at 30°C, samples were taken at intervals and spun at 8,000 ϫ g for 5 min in microcentrifuge tubes, and the supernatants were collected for analysis. Results presented are the means of values from at least two independent assays.
Measurement of medium acidification. The glucose-induced medium acidification of S. cerevisiae was measured by a modified procedure based on the method of Haworth et al. (23) . The strain was cultured with shaking in YPD broth overnight at 30°C and washed two times with cold distilled water. The cells were diluted to 10 7 CFU/ml with cold distilled water and kept on ice. The reaction mixture contained 2.7 ml of cells and 30 l of compound dissolved in DMSO and was preincubated for 5 min at 30°C. A 20% glucose solution of 0.3 ml was added (final concentration, 2%) to induce medium acidification. After 10 min of incubation, the pH of the external medium was checked (Orion 8175 Ross semimicro electrode). This assay was performed in triplicate on separate occasions.
Isolation of membrane-bound ATPases. S. cerevisiae was cultured to early stationary phase in a 50-liter fermentation batch, spun dry with a Sharples centrifuge, and stored at Ϫ80°C. Alternatively, cells were grown in 1-liter Fernbach flasks for collection during mid-log phase. A mixture of 100 ml of lysis buffer (50 mM Tris [pH 7.5], 1 mM EDTA, 2 mM Pefablock) plus 50 g of cells was homogenized with a nitrogen gas burst homogenizer (Avestin EmulsiFlex C5) by three or four passes at 25,000 to 30,000 lb/in 2 . The purification protocol is adapted from the method of Serrano (44) . After pelleting of unbroken cells, the membrane-containing supernatant was centrifuged (25,000 ϫ g for 20 min) to separate the membrane from the cytosol. The pellet was suspended in 50 mM Tris buffer (pH 7.5) containing 20% glycerol, 0.2 mM EDTA, and 2 mM Pefablock, mixed with a few strokes of a Dounce homogenizer (Weaton, loose pestle), and applied to a discontinuous sucrose gradient (2 parts 43% sucrose to 1 part 53% sucrose) at 55,000 ϫ g for 3 h (Beckman SW25.1 swinging bucket rotor). Plasma membranes were recovered at the 43%-53% sucrose interface, and mitochondrial membranes were recovered at the glycerol-43% sucrose interface. A second sucrose gradient was performed on the glycerol-43% sucrose fraction. Sucrose fractions were stored at Ϫ80°C for long-term storage. For use, fractions were washed twice and resuspended with MTAE buffer (50 mM MES [morpholineethanesulfonic acid]-Tris, 1 mM ATP, 1 mM EDTA), which seems to stabilize the ATPases, permitting them to be stored at 4°C for several weeks without significant loss of activity.
Measurement of ATP hydrolysis. The ATP hydrolysis assay was conducted in MTM buffer (100 mM MES-Tris buffer, 10 mM MgCl 2 ) at optimal pHs for each of the three main membrane-bound ATPases of S. cerevisiae, namely, pH 5.7 for P-type ATPase, pH 7.0 for V-type ATPase, and pH 8.5 for F 0 F 1 -ATPase. MTM buffer was adjusted appropriately higher than its final pH to negate the pH drop caused by 10 mM ATP. A modified method of an ascorbate-ammonium molybdate assay was used to measure inorganic phosphate (35, 44) . The linear range of phosphate detected was 1 to 40 nmol. Compounds were preincubated for 5 min, 10 mM ATP was added, and the reaction continued at 30°C for 15 min, at which point it was stopped with a solution containing sodium dodecyl sulfate (SDS), HCl, and ammonium molybdate (final concentrations, 0.5%, 0.2 M, and 0.5%, respectively). Next, 150 l was transferred to a 96-well microplate, and then 50 l of ascorbate was added (final concentration, 0.05%) with an eightchannel pipette to start the color development reaction simultaneously, which was monitored at 750 nm for 10 min until the absorbance reached its plateau. All assays were performed at least twice on each membrane preparation, and at least two independently isolated preparations were used. Protein concentrations were determined by the bicinchoninic acid protein assay (Pierce Co., Rockford, Ill.) with an SDS-based modification for more accurate assessment of membrane proteins (38) , and bovine serum albumin was used as a standard.
RESULTS
Antifungal activity of polygodial. Microbroth susceptibility assays were conducted with polygodial against S. cerevisiae, and the results are presented in Table 1 . The MIC and MFC of polygodial were no more than twofold different, demonstrating its fungicidal activity. Calcium was previously reported to suppress membrane leakage induced by polygodial and presum- ably to protect against cell death (56) . EDTA was reported to reverse the leakage protection. Therefore, both molecules were tested for their effects in the susceptibility assays. Unexpectedly, calcium did not protect the yeast from polygodial and actually enhanced the MIC but not the MFC in RPMI 1640 medium. The standard medium used in our lab is malt extract, but we also used RPMI 1640 buffered with MOPS at pH 7, which is the medium recommended for standardized susceptibility testing by the NCCLS (39) . EDTA enhanced the MIC and MFC of polygodial in ME but killed the yeast by itself in RPMI 1640 at both concentrations tested. There was no observed difference between different types of calcium, as calcium chloride and calcium nitrate gave the same results (data not shown). The addition of calcium to RPMI 1640 medium resulted in high turbidity. In order to assess growth, we used the dye Alamar Blue, which permits clear distinction between viable and nonviable cells (16) . Time-kill curves were conducted with 6.25 g of polygodial per ml (MFC) in the presence and absence of 10 mM calcium (Fig. 2) . In both ME and RPMI 1640 media, lethality was rapid, with the number of CFU/ml dropping below 1 log unit within 0.5 to 3 h depending on the medium. Calcium exhibited no protective effect against the fungicidal activity of polygodial.
In fact, calcium slowed the rebound of growth seen with RPMI 1640 at 48 h. Calcium was generally detrimental to growth, as seen in the MIC data also. Cellular leakage effects. Cell leakage can be assessed by measuring intracellular-component release to the medium from washed cells in buffer. MOPS buffer is synthetic and should not be metabolized by the cell and thus causes the cells to exist in stationary phase, so intracellular components are not effluxed. Cellular components which absorb at 260 nm represent one class of leakage components, primarily nucleotides of which uracil-containing compounds exhibit the strongest absorbance. Figure 3 shows leakage from yeast cells over a 6-h period due to polygodial, amphotericin B, and miconazole. The concentrations used were at the MFC and at fourfold the MFC to account for a larger concentration of yeast cells. Polygodial exhibited a concentration-dependent effect on leakage, with 25 g/ml resulting in larger amounts of leakage than 6.25 g/ml, and both showed rapid effect. Calcium protected against leakage caused by polygodial and at both concentrations was suppressed approximately 50% at most time points. Miconazole The following compounds were added to cells washed with MOPS buffer (50 mM, pH 6.0) and incubated for the specified times before the extracellular fractions were collected: DMSO (control) (F, E), polygodial at 25 g/ml (OE, ‚), and polygodial at 6.25 g/ml (, ƒ) (A), and amphotericin B at 6.25 g/ml (s, ᮀ), amphotericin B at 1.56 g/ml (}, {), and miconazole at 25 g/ml ( , ) (B). Filled symbols represent the compound, and open symbols represent the compound plus 10 mM Ca 2ϩ .
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caused much less leakage but was also suppressed by calcium. In comparison to polygodial, amphotericin B took 6 h to reach a similar amount of leakage, and calcium had only a small reduction effect. Therefore, levels of leakage of 260-nm-absorbing material from exposure to amphotericin B and polygodial appear different. By itself, polygodial absorbed at 260 nm at approximately the same amount as was seen with polygodial plus calcium at 0 h, for both concentrations. Twenty percent cell breakage resulted in values around 3 absorbance units, and we extrapolated the maximum potential absorbing material to be 15 absorbance units. Therefore, even after 6 h of polygodial treatment at high concentration, less than 3% of cellular material was lost. Cell morphology. Nomarski DIC microscopy was performed to see what morphological changes occurred in live cells (Fig.  4 ). Cells were treated with 12.5 g of polygodial per ml, the MFC for 10 6 CFU/ml in RPMI 1640 medium. After 3 h, the polygodial-treated cells exhibited significant shrinkage compared to controls, and the organization of subcellular organelles appears either disrupted or compacted. This disrupted organization apparently represents loss of ordered membranes of the secretory pathway as well as of the vacuole and mitochondria. Since various stages of budding were present, polygodial was not acting as a cell cycle inhibitor. In fact, these live cell images can be considered similar to electron micrographs taken previously (29) , substantiating that the cell perturbations seen in the EM images are real and not artifacts of sample preparation. However, the prior assertion that breaks in the plasma membrane were visible in the EM micrographs is questionable, and the present images do not show major plasma membrane disruption or any evidence of cell lysis. Polygodialtreated cells did appear somewhat similar to cells with defects in the plasma membrane proton-pumping ATPase (51), which led us to investigate the possibility that polygodial inhibited this enzyme.
Acidification and ATPase inhibition. Acidification of the medium occurs primarily through the proton-pumping action of the plasma membrane ATPase, Pma1p, and was measured by comparing initial versus final pHs of washed yeast cells after 10 min (beginning with the addition of 2% glucose). pH was converted to proton concentration to calculate percent inhibition. Figure 5 shows that polygodial completely suppressed the glucose-induced decrease in external pH at 3.13 g/ml, the same as the fungicidal concentration, which supports the idea of its mode of action being related to proton-pumping ability. Therefore, Pma1 ATPase was investigated as a likely target for polygodial. An alternative hypothesis, that the energy needed to drive Pma1 ATPase was being affected, was tested by investigating the mitochondrial ATPase. Partially purified membrane-bound ATPases were assayed for their ability to hydrolyze ATP. ATPase inhibitor profiles at pHs 5.7 and 8.5 were conducted to determine which ATPase activities were present (Fig. 6) . In S. cerevisiae, the optimal pH for plasma membrane ATPase is 5.7 while that for mitochondrial ATPase is 8.5. Concentrations of selective inhibitors that maximally inhibit the ATPases in question were used (5, 19, 44) . Potassium azide was used at 5 mM and inhibits the mitochondrial ATPase. Azide is commonly known as a respiration inhibitor affecting P450 enzymes but also directly inhibits both membrane-bound F 0 F 1 -ATPase and soluble F 1 -ATPase. Sodium orthovanadate was used at 100 M and inhibits the plasma membrane ATPase, bafilomycin was used at 50 nM and inhibits vacuolar ATPase, ammonium molybdate was used at 0.2 mM and inhibits phosphatases, and polygodial was used at 50 g/ml.
At pH 5.7, vanadate inhibited around 60% while azide inhibited around 30%, showing significant mitochondrial ATPase activity even at pH 5.7. Polygodial showed less than 20% inhibition, which is less than that seen with azide. Standard assays for Pma1 ATPase inhibition include the use of azide to exclude mitochondrial ATPase contamination, so that only Pma1 ATPase activity remains. Viewing the results from this perspective, it is clear that there was no inhibition of Pma1 ATPase by polygodial. At pH 8.5 azide inhibition is near 85% while vanadate drops to near 20%. This residual inhibition by vanadate was not expected because Pma1 ATPase activity should not be present; however, this inhibition may be due to some phosphatase activity (B. Bowman, personal communication). Regardless, polygodial showed strong inhibition against mitochondrial ATPase (near 75%), at a level similar to that inhibited by azide. Bafilomycin and ammonium molybdate showed negligible inhibition at either pH, signifying that vacuolar ATPase and most phosphatases were not present.
Combinations of inhibitors were assayed against plasma membrane ATPase at pH 5.7 (Fig. 7) . Azide and vanadate inhibition were additive, indicating inhibition of different ATPases. The results with azide plus polygodial were not significantly different from results with polygodial or azide alone. Polygodial plus vanadate inhibited additively, similar to what occurred with azide plus vanadate. These results indicate that polygodial and azide inhibit the same ATPase.
Selective inhibition of isolated mitochondrial ATPase. Further separation between membrane fractions of the plasma membrane and mitochondria was conducted by sucrose gradient centrifugation. SDS-polyacrylamide gels showed a large number of proteins still present in the 43-53 and G-43 fractions, many of them similar (data not shown). In general, pH had a greater effect in distinguishing ATPase activities than the sucrose gradient fraction, although specific activities were increased two-to fourfold and inhibition values had less error than whole membranes. Immunoblots with anti-F 1 ␤ ATPase showed mitochondrial contamination of the 43-53 fraction, while those with anti-V-type ATPase (100 kDa; Molecular Probes) showed negligible amounts of vacuolar ATPases in the preparations.
A dose-response curve is shown for polygodial against mitochondrial ATPase and plasma membrane ATPase in Fig. 8 . The G-43 fraction plus vanadate was assayed at pH 8.5, and the 43-53 fraction plus azide was assayed at pH 5.7. Polygodial was tested at concentrations from 0.4 to 50 g/ml and showed inhibition of the mitochondrial ATPase but no inhibition of the plasma membrane ATPase. There was no difference in mitochondrial ATPase inhibition between 5 and 30 min of preincubation. Polygodial's 50% inhibitory concentration (IC 50 ) against mitochondrial ATPase was calculated by nonlinear regression to be 3.5 g/ml (15 M). These data clearly demonstrate that polygodial inhibits the mitochondrial ATPase.
Vacuolar ATPase was assayed at pH 7 when yeast cultures were harvested in mid-log phase. Immunoblots confirmed the presence of V-type ATPase. The G-43 fraction was tested, and polygodial at 50 g/ml showed 15% more inhibition than azide alone, indicating inhibition of vacuolar ATPase as well. How- Polygodial's effect on respiration-deficient mutants. Polygodial-treated yeast displayed interesting morphology when they were observed on YPD plates, such as in the early time points of Fig. 2 . There were dramatic differences in the sizes of colonies, ranging from the normal, large size to very small. Individual colonies were picked from these plates, subcultured twice in ME medium, and plated. Colonies which were originally large, medium, small, and very small all grew to roughly normal size on YPD plates. However, time-kill curves of these strains showed significant differences (Fig. 9) . Strains which were originally medium and small were resistant to polygodial, compared to the large strain, which was slightly less resistant. The very small strain exhibited a curve more similar to that of the wild type. These strains were subsequently grown and then streaked on YPGD plates to test whether they might be respiration-deficient strains, commonly known as petite mutants. The large, medium, and small strains grew as petites, but the very small strain grew to the same large size as the wild type, thus correlating with the time-kill curves. They were further confirmed as cytoplasmic petites [rho Ϫ ] by DAPI staining, which failed to show nonnuclear DNA present in these cells, whereas the wild-type and the very small strains showed mtDNA. Additionally, a cytoplasmic petite completely deficient in mtDNA ([rho 0 ]) was generated by ethidium bromide treatment of wild-type yeast. The [rho 0 ] time-kill curve was the same as those of the medium and small strains.
A common research strain, W303-1a, was also investigated to see if the polygodial-induced selection of [rho Ϫ ] mutants is generally applicable. W303-1a is advantageous because it contains an adenine biosynthesis mutation, which causes colonies to appear red on YPD plates, versus petites, which appear small and white. A spontaneously occurring cytoplasmic petite of W303-1a was collected in this way; in addition, a [rho 0 ] mutant was generated with ethidium bromide. Figure 10 shows the results of a time-kill curve of these strains with polygodial in RPMI 1640 plus MOPS (pH 7) supplemented with 2% glucose. At both 6.25 and 3.13 g/ml, the cytoplasmic petites were more resistant than the W303-1a parent strain. At 6.25 g/ml, the parent was rapidly killed to below 1 log CFU/ml within 1 h and remained nonviable at 48 h. In contrast, the petite mutants were reduced to 2 log CFU/ml after 6 h and then their numbers leveled off, the [rho Ϫ ] mutant began to rebound, and the number of CFU per milliliter of the [rho 0 ] mutant remained constant. With regard to the morphology of W303-1a parent colonies produced after 1 h of exposure, 95 to 100% of the population changed from large, red colonies to medium or small, white colonies, showing that the remaining viable population was petite. This percentage range remained constant throughout the 48-h assay.
Polygodial's effect on a respiration-dependent mutant. One additional mutant was tested with polygodial. The pet9 strain is a nuclear petite strain caused by a point mutation in AAC2 (30) which eliminates functionality of the ADP-ATP carrier protein of the inner mitochondrial membrane (17) . Therefore, ATP pools in the mitochondria and cytosol are separated and growth is possible only in the presence of fermentable sugars. ATP is also essential for various mitochondrial functions, and cells with a defective ADP-ATP translocator are known to be nonviable in the absence of oxygen (11), demonstrating their dependence on ATP produced via oxidative phosphorylation. Therefore, if polygodial targets ATP synthase in vivo, nonviable cells should result for the same reason. Figure 11 shows that polygodial rapidly inhibited the pet9 yeast. The pet9 strain's sensitivity to polygodial, in conjunction with [rho 0 ] or [rho Ϫ ] resistance, demonstrates causality between mitochondrial ATPase inhibition, reduction of cellular ATP supply, and fungicidal activity.
DISCUSSION
We propose the following model to explain the mechanism of fungicidal action by polygodial in S. cerevisiae (Fig. 12) . FIG. 8 . Dose-response curves of polygodial comparing the plasma membrane ATPase (F) and mitochondrial ATPase (E) hydrolytic activities. Sucrose gradient membrane fractions were used, and the amount of enzyme activity ranged from 0.6 to 0.9 U (nanomoles of P i per minute), with specific activity ranging from 100 to 200 U/mg of protein, depending on the fraction. ATP hydrolysis was calculated as follows: {[(I Ϫ C2)/(C1 Ϫ C2)] ϫ 100}, where C1 is enzyme alone, I is enzyme plus inhibitor, and C2 is inhibitor without enzyme (10 mM ATP present in all). Values are means Ϯ standard deviations.
FIG. 9.
Time-kill curves of polygodial comparing wild-type S. cerevisiae ATCC 7754 to petite mutants, which are respiration deficient, in ME medium. Control cultures of each strain were not significantly different from the wild type (F). Polygodial at 3.13 g/ml was exposed to the wild type (E) and to strains which were collected from another time-kill experiment as phenotypically large (ƒ), medium (ᮀ), small ({), and very small (‚) strains. The [rho 0 ] mutant is represented by dashed lines (ϩ).
Polygodial inhibits mitochondrial ATPase, eliminating a major source of ATP. It also causes plasma membrane disruption, which leads to an influx of protons. This influx results in the collapse of the proton motive force and inhibition of nutrient uptake coupled to this gradient. A decrease in internal pH which inhibits enzymes as they are shifted away from their pH optima also occurs. Cells can recover by pumping protons out of the cell via the plasma membrane ATPase, Pma1p, which consumes large amounts of ATP. The combination of ATP consumption stimulated by proton permeability and ATP synthase inhibition contributes to a decrease in ATP to levels below those necessary for normal metabolic functions, resulting in nonviable yeast.
Either effect alone is not lethal to yeast. The existence of petite mutants shows that mitochondrial ATP production is not essential. The detrimental effects of proton permeability can be resisted with sufficient amounts of ATP, as evidenced with weak acid inhibitors, like sorbic acid, which require large concentrations to inhibit growth and are basically fungistatic (27) . Weak acids penetrate the cell membrane in acidic media and then contribute their proton to the higher-pH intracellular environment. This process affects enzymes known to be sensitive to pH, such as phosphofructokinase (33) , which can lead to reduced glycolytic ATP production. Additionally, the ATP pool can be consumed in a futile cycle of acid influx and ATPase-based export (7), thus inhibiting growth even though the cells remain metabolically active. Our previous report described polygodial's 64-fold potentiation of antifungal activity with sorbic acid, which presumably increased killing effectiveness due to inhibition of proton pumping by the plasma membrane ATPase, suppressing a key means of weak-acid resistance (27) . In the context of the results presented here, this mechanism remains true, but with the cause of Pma1 ATPase inhibition being not due to direct enzyme inhibition but due to the lack of ATP as a substrate.
Amphotericin B is a well-known membrane-disruptive agent which has a direct membrane effect and is lethal to yeast. It forms stable pores in the membrane by complexing with ergosterol, which results in permeability to ions such as potassium and protons (53) . Amphotericin B treatment causes greater membrane disruption than sorbates and results in lethality, but this requires sufficient time to occur. It took 10 h to decrease the count below 2 CFU/ml at the significant concentration of 4 g/ml (32). At similar concentrations, polygodial completely killed the yeast within 2 h (Fig. 2) , demonstrating an effect separate from, or in addition to, that of membrane disruption.
Previous reports supported that the plasma membrane was the target of polygodial (29, 50) ; therefore, further study was conducted. Surprisingly, polygodial-induced cell death was not suppressed by calcium addition. However, cellular leakage of 260-nm-absorbing materials was significantly suppressed by calcium, as was potassium leakage (56) , making the correlation between leakage and cell death ambiguous. Additionally, only a small percentage of 260-nm-absorbing material was leaked, indicating that the cells were not lysed. This result is further supported by the fact that polygodial did not lyse erythrocytes at concentrations of up to 100 g/ml, whereas amphotericin B lysed them at 6.25 g/ml, which is similar to its MFC (31) .
An increase in the cation bridging of membrane lipids is a reasonable supposition to account for leakage suppression, making it more difficult for the compound to enter the membrane. This suppression may not necessarily apply to penetra- VOL. 44, 2000 EFFECT OF POLYGODIAL ON MITOCHONDRIAL ATPase 1949 tion into the cell, however. Compounds which perturb lipid packing on a smaller scale would be suppressed by cations, as was seen with miconazole and polygodial. On the other hand, amphotericin B is more resistant to cation effect because it forms a stable transmembrane complex and causes leakage through a pore-like structure.
The strong synergistic effect of EDTA with polygodial is possibly due to abolishing most cation-lipid bridging, which would allow greater penetration of polygodial into the cell. EDTA may also disrupt ion flux, which is necessary for many membrane transport proteins as well as proper stress response (52) , and holding captive a population of transportable ions would suppress these processes.
Since polygodial causes leakage of both 260-nm-absorbing compounds and potassium ions, it is reasonable to assume that protons have increased permeability also. In the presence of polygodial, protons transport down their concentration gradient into the cell. Changing the focus of thought from leakage, which is not relevant to cell death, to a consideration of polygodial-induced proton influx, which is physiologically relevant, permits a better understanding of polygodial's effect on the cell.
Microscopic observation provided a visual assessment of polygodial's effect on live, nonfixed yeast cells. There was significant change in morphology over time but nothing as dramatic as would be expected for a compound suspected of major membrane disruption. The cell wall can contribute to structural stability even if the cells are nonviable, which makes it difficult to distinguish if they would lyse without a cell wall, but the lack of erythrocyte lysis shows that they most likely would not. Therefore, we began to consider other possible modes of action. Similarity in morphology to plasma membrane ATPase mutants led us to investigate the possibility that polygodial inhibited this enzyme.
Yeast cells are observed to reduce their external pH upon addition of glucose, and this is known to be due to proton efflux of the plasma membrane proton-pumping ATPase Pma1 (12, 24, 45) . The regulation of Pma1 ATPase by glucose at the molecular level is not yet fully understood, but the maintenance of proper internal pH is essential for enzyme activity and allows the cell to survive at a low environmental pH (33, 41) . Acidification of the external medium is a complex process involving many cellular components. This phenomenon depends primarily on Pma1 ATPase, but the energy to run this pump requires large amounts of ATP, which comes from glycolysis coupled to oxidative phosphorylation, and requires sugar transporters as well. The cell actively modulates its proton pumping to maintain proper intracellular pH and to generate a proton motive force which drives most membrane transport via proton symport and antiport.
In an acidification assay, polygodial completely suppressed the glucose-induced decrease in external pH at 3.13 g/ml, the same as the fungicidal concentration, which supports the idea of its mode of action being related to its proton-pumping ability. However, it is important to determine if this suppression of the decrease in external pH is a direct result of the inhibition of Pma1 ATPase or an indirect result through suppression of energy metabolism (44) . There are examples of compounds, such as amiloride, that inhibit acidification but not Pma1 ATPase and that were found to affect glucose metabolism instead (23) . Proton permeability may also contribute to some of the observed acidification inhibition.
Enzymatic characterization between the three major membrane-bound ATPases was conducted by using the optimal pH for each ATPase in conjunction with selective inhibitors. Surprisingly, Pma1 ATPase was not directly inhibited by polygodial. In contrast, the two other membrane-bound ATPases in yeast were found to be susceptible to the compound. Polygo- FIG. 12 . Schematic representation of polygodial treatment on yeast. Polygodial inhibits mitochondrial ATPase, eliminating a major source of ATP (shading represents proteins with impaired functions). It also causes plasma membrane disruption, which leads to an influx of protons (wavy lines). This influx results in a collapse of the proton motive force and inhibition of nutrient uptake coupled to this gradient, followed by a decrease in internal pH, which inhibits enzymes as they are shifted off of their pH optima. Cells can recover by pumping protons out of the cell via the plasma membrane ATPase, Pma1p, which consumes large amounts of ATP. The combination of ATP consumption stimulated by proton permeability and ATP synthase inhibition contributes to a decrease in ATP to levels below those necessary for normal metabolic functions, resulting in nonviable yeast. dial inhibited the mitochondrial ATPase strongly, whereas it inhibited the vacuolar ATPase only slightly. It is more challenging to separate vacuolar ATPase from the other two types, so detailed inhibition data are not available at this time. However, the slight inhibition seen in whole membranes at high polygodial concentrations is not likely of major significance to its fungicidal effect. Mitochondrial ATPase and vacuolar ATPase are evolutionarily related (4), so some degree of similar effects may be expected. Extending the preincubation time from 5 to 30 min did not affect polygodial's inhibition against any of the ATPases, indicating fast reactivity for those affected. Polygodial inhibition is most likely covalent in nature, as the dialdehyde moiety is reactive and will bind to primary amine and sulfhydryl groups.
Polygodial inhibited isolated F 0 F 1 -ATPase in a dose-dependent manner at concentrations similar to the MFC (IC 50 , 3.5 g/ml), which supports the idea of mitochondrial ATPase being a physiologically relevant target of polygodial in S. cerevisiae. Pma1 ATPase is dependent on ATP levels such that a 20% drop inhibits proton pumping by 55% and a 50% drop inhibits proton pumping by 85% (43) . Therefore, polygodial at the IC 50 would lead to a decrease in ATP, which should inhibit Pma1 ATPase by about 90%, linking the ATPase inhibition to acidification inhibition.
Mitochondrial ATPase normally functions to produce ATP, but when free of the driving force of the electron transport chain, it can function in reverse and hydrolyze ATP. Measuring hydrolytic activity and distinguishing among the three major membrane-bound ATPases with known inhibitors is accepted procedure (5, 6, 19, 44) . Other membrane-bound ATPases such as ABC transporters cannot function as ATP hydrolytic enzymes by themselves but require additional activating components to be functional.
Cytoplasmic petite mutants, which lack mtDNA and are respiration deficient, can occur spontaneously, and compromise up to a few percentages of most yeast cultures (15) . The data above support the hypothesis that the rapid decrease in viability of wild-type cells represents a lethal effect on the majority population. Treatment of a commonly used research strain, W303-1a, with polygodial for only 1 h specifically selected for the survival of petites. It is reasonable to assume that polygodial asserts a selective pressure on the population, but it is possible that it favors the formation of petites also, as has been observed in strains with defective F 1 -ATPase, which were likely to lose their mtDNA (8) . As the concentration of polygodial is increased, the [rho Ϫ ] mutants are also increasingly killed, indicating increased membrane disruption or another effect of polygodial.
In S. cerevisiae, cytoplasmic petite mutants remain viable due to the presence of several nucleus-encoded proteins, including F 1 -ATPase and the ADP-ATP translocator (8) . [rho 0 ] or [rho Ϫ ] mutants maintain their mitochondrial membrane potential by the electrogenic exchange of ADP for cytosolic ATP, hydrolysis via F 1 -ATPase, and the continuous cycling of these components. Inner membrane integrity also appears aided by a possible chaperone function of the F 1 complex and the essential activities of Yme1p protease and the phosphatidylglycerolphosphate synthase Pgs1p (8) . Proper membrane function in petite mutants is critical in maintaining the ability to process the hundreds of nucleus-encoded proteins transported into mitochondria via the TOM and TIM complexes and allows them to function properly (40) . Since F 1 -ATPase is essential for the viability of [rho 0 ] and [rho Ϫ ] mutants, the partial lethality observed with polygodial may be due to suppression of the alternate F 1 -ATPase activities described above.
Mitochondria contain an ADP-ATP translocator which permits exchange of ATP and ADP across the inner mitochondrial membrane. Under normal conditions, mitochondrial ATP is produced and exported to the cytosol concomitant with ADP import to continue the cycle. Under anaerobic conditions, cytosolic ATP is produced and can be transported into the mitochondria by the ADP-ATP translocator. The pet9 strain is a nuclear petite strain caused by a point mutation in AAC2 (30) which basically eliminates the functionality of this carrier protein (17) . Therefore, ATP pools in the mitochondria and cytosol are separated and growth is possible only in the presence of fermentable sugars. ATP is also essential for various mitochondrial functions, and cells with a defective ADP-ATP translocator are known to be nonviable in the absence of oxygen (11) , demonstrating their dependence on ATP produced via oxidative phosphorylation. In contrast to its effect in the cytoplasmic petite strains, polygodial showed rapid lethality in the pet9 mutant. Since this strain is solely dependent on respiration for its mitochondrial ATP supply, inhibition of ATP synthase will result in nonviable cells. This experiment most tightly links the enzyme inhibition of polygodial to its physiological effect. In conjunction with the other petite mutant time-kill curves, these data strongly support the theory that polygodial exerts a major portion of its fungicidal action through inhibition of ATP production.
Polygodial's inhibition of mitochondrial ATPase explains a number of results from prior reports. In our previous paper (50), endogenous respiratory activity was assessed by measuring oxygen consumption in whole cells washed and resuspended in buffer, which therefore retained only small amounts of sugar. Respiration is strongly stimulated in such cells because the only method of producing sufficient ATP is oxidative phosphorylation. At MICs of polygodial, oxygen consumption initially increased more than 50%. However, polygodial neither stimulated nor inhibited major respiratory chain enzymes which were isolated from mitochondria (55) . When these results are reviewed in light of mitochondrial ATPase inhibition, it is reasonable to assume that cellular regulatory mechanisms are required to detect decreasing ATP levels and then to stimulate electron transport to increase the proton gradient, and concomitantly ATP synthesis. The arrest of most biosynthetic processes as seen by inhibition of radioactive monomer incorporation after 60 min (50) is also explained by a rapid drop in cellular energy. Polygodial also lacks inhibition at concentrations up to 100 g/ml against many gram-positive and gramnegative bacteria (29) , which may be explained by the evolutionary divergence of ATP synthase between prokaryotes and eukaryotes. There was a previous report of cellular leakage of ATP from mammalian cells which showed 100% of ATP to be leaked from polygodial-treated ELD cells at 4.8 g/ml (1). None of the other 14 sesquiterpene dialdehydes tested resulted in significant leakage without 1 or 2 orders of magnitude more compound. In light of our results, the leakage by polygodial was most likely an artifact of low intracellular ATP levels, and cells thus appeared to leak all of their ATP. Some degree of ATP leakage does occur as is indirectly corroborated by the results shown in Fig. 3 , but probably at low levels more similar to those of the other sesquiterpene dialdehydes.
Our recent paper reported polygodial's antifungal activity against a variety of yeasts and filamentous fungi (31) . There is substantial variation in MICs and MFCs. If mitochondrial ATPase is the primary target and is a strongly conserved protein, this variation is not likely due to differences in the target protein. The logP of polygodial, 3.02 (1), indicates that it can pass through membranes. However, it is at the high end of the range of logPs at which compounds are known to readily enter cells (10) . Differences in the lipid compositions of various fungi may affect the ability of polygodial to reach its intracellular target, thus accounting for variable MIC data. Lipid differences may also influence the membrane disruptive effect of polygodial. Additionally, metabolizing polygodial may account for some variation. Muzigadial, a similar sesquiterpene dialdehyde, has been shown to be converted to a less potent hemiacetal by some fungal species (25) , and there is some correlation to those species lacking antifungal activity in our assays (31) . Finally, polygodial affecting another target may be the cause of some variation. In neuroblastoma cells, polygodial has been shown to inhibit muscarinic acetylcholine receptor signal transduction at concentrations similar to the MIC, but it was concluded that the inhibitory site is not the receptor itself but that it is perhaps at the G protein level or further down the signal transduction pathway (14) . This possibility suggests that signaling mechanisms in yeast might be perturbed also.
The mitochondrial ATPase of S. cerevisiae is strongly supported as a major target of polygodial by the data presented above. It is a central protein in energy production, and inhibition would cause a significant decrease in ATP levels, which would indirectly inhibit the plasma membrane proton-pumping ATPase and account for inhibition of acidification. Low ATP levels cause significant perturbation of normal cellular functions and impair adaptive responses to other facets of polygodial's cellular inhibition.
Polygodial's inhibitory effect on ATP synthase will most likely preclude it from being used as a systemic antifungal agent. However, its apparent reduced ability to penetrate some fungal membranes indicates that it will not likely penetrate tough epithelial cells in human skin and might stay localized to exterior layers of cells such as in the mouth or vagina. It may make an effective topical antifungal agent, especially if used in combination, as the membrane disruptive effect in yeast cells will allow increased permeability of other agents (49) . Further research in this direction may yield additional therapies to combat fungal infections.
